Background and Purpose-Patients with aneurysmal subarachnoid hemorrhage are typically kept in the intensive care unit to be monitored for signs of delayed cerebral ischemia (DCI 
D
espite a better understanding of the pathophysiology of vasospasm, delayed cerebral ischemia (DCI) continues to be one of the major causes of poor outcome after aneurysmal subarachnoid hemorrhage (aSAH). [1] [2] [3] The concern about the risk of DCI leads to the practice of keeping the patients in the intensive care unit (ICU) for several days after the treatment of the ruptured aneurysm for close neurological monitoring, even when there are no other indications for ICU care. 4 Because DCI can occur Ն10 days after aSAH-albeit it is rare for the first manifestations of DCI to appear after day 10 -the length of ICU stay is often prolonged and it adds considerably to the cost of hospitalization. 5 However, the majority of patients with aSAH do not have development of DCI. Therefore, identifying patients at very low risk for development of DCI who can be safely transferred out of the ICU soon after treatment of the aneurysm could substantially reduce hospital costs and improve the use of ICU resources.
Previous research has focused on determining risk factors for DCI. These factors include younger age, smoking, poor clinical grade, and thick subarachnoid and intraventricular blood on CT scan on presentation. 2,6 -9 However, the studies showing the prognostic value of these factors do not allow accurate estimation of the risk of DCI in their absence. In fact, there is no previous literature on how to predict lack of development of DCI after aSAH.
The purpose of this study was to determine which clinical and radiological variables are associated with absence of DCI. Our ultimate goal was to develop a simple model with a strong predictive value for absence of DCI including only variables available at the time of aneurysm treatment that could be used to streamline the early transfer of patients out of the ICU.
Materials and Methods
After Institutional Review Board approval, a retrospective review of patients admitted to our hospital with acute aSAH between October 2001 and June 2011 was performed. Clinical information and radiological information on adult patients (older than age 16 years) were collected. Subarachnoid hemorrhage (SAH) was confirmed radiologically or by presence of xanthochromia on the cerebrospinal fluid. Only patients with a documented aneurysm on cerebral angiography, considered to be the cause of SAH, were included. Clinical severity was classified using the Glasgow Coma Scale 10 score and the World Federation of Neurological Surgeons (WFNS) 11 score graded at presentation, at the time of worst clinical condition (nadir) and after initial resuscitation. Modified Fisher grading 8,12 on the initial CT was performed by one of the authors blinded to the clinical evolution.
All patients were treated according to previously published practice parameters 1 summarized in the online supplement (http:// stroke.ahajournals.org). The type of aneurysm treatment (endovascular coiling or craniotomy and clipping) was decided by consensus of a multidisciplinary team. During the hospitalization in the ICU, transcranial Doppler studies were performed daily or every other day for vasospasm surveillance (mean arterial velocities exceeding 120 cm/s in the intracranial internal carotid, anterior cerebral, or middle cerebral arteries were indicative of vasospasm). DCI was defined by the presence of otherwise unexplained clinical deterioration (ie, a new focal deficit, decrease of consciousness, or both) or a new infarct on brain imaging that was not visible on the admission or on early postoperative scan. Other potential causes of clinical deterioration, such as hydrocephalus, rebleeding, or seizures, were rigorously excluded. Evidence of arterial spasm by transcranial Doppler or angiography was used to support the diagnosis of DCI but was not considered mandatory. Every patient had at least one CT scan after open surgery or endovascular treatment of the aneurysm and at least one more CT scan at a later time during the admission. Every patient with clinical deterioration had at least 1 form of brain imaging (CT scan or MRI) after symptom onset to evaluate for structural changes.
Functional outcome was assessed at least 3 months after SAH using the Glasgow Outcome Scale. 13 Good outcome was defined as Glasgow Outcome Scale score 4 to 5 and poor outcome was defined as Glasgow Outcome Scale score 1 to 3.
The primary outcome of our analysis was the absence of DCI. Early variables considered were those available at the time of aneurysm treatment, and these were the variables on which we based our predictive analysis. Associations with age, smoking, comorbid conditions, Glasgow Coma Scale, WFNS, modified Fisher grade, cerebrospinal fluid diversion, intraventricular hemorrhage, intracerebral hemorrhage, and final outcome were studied with univariate analyses using 2 for categorical data and the t test for continuous data. Receiver-operator characteristic curve was performed to find the optimal discriminating value by maximizing the difference between sensitivity and 1Ϫspecificity. Variables associated with absence of DCI on univariate analysis with PϽ0.05 were included in the multiple logistic regression analysis model. All statistical analyses were performed with JMP software version 8.0.
Results
The final analysis included 307 patients with acute aSAH. Mean age was 55.7Ϯ13. 5 years (range, 16 -88 years), and 200 (65.2%) were women. One hundred sixty-seven (54.8%) had a history of smoking, whereas 164 (53.4%) had a history of hypertension or were using antihypertensive therapy. At presentation, 226 (73.6%) had WFNS I to III. On admission CT scan, 74 (24.1%) patients had modified Fisher score 1 to 2 and the mean Fisher score was 2.95Ϯ1.0 (median, 3; range, 1-4). The ruptured aneurysm was located in the anterior circulation in 194 patients (63.4%). Cerebrospinal fluid diversion was performed in 181 (59%) patients. Eighty-eight (28.7%) underwent surgical clipping, and 195 (63.5%) were treated with endovascular coil embolization.
One hundred sixty-nine (57.9%) patients did not have development of DCI. The distribution of demographic, clinical, and radiological characteristics according to presence or absence of DCI is shown in Table 1 . Vasospasm by transcranial Doppler was detected in 133 (50.4%) patients, whereas angiographic vasospasm was recognized in 78 (30.9%) patients. Length of ICU stay was 9.2Ϯ7.3 days for patients without DCI and was 13.5Ϯ7.2 days for patients with DCI. Good clinical outcome occurred in 75 (34.9%) patients with DCI and in 140 (65.1%) patients with absence of DCI (PϽ0.0001; OR, 3.07; 95% CI, 1.79 -5.35).
On univariate analysis, the early variables associated with absence of DCI were older age, WFNS I to III at presentation, WFNS I to III at nadir, WFNS I to III after resuscitation, modified Fisher grade 1 to 2, absence of intracranial hematoma, absence of intraventricular hematoma, no statin use before aneurysm rupture, hyperglycemia (Ͼ180 mg/dL) on presentation, aneurysm in the posterior circulation, and absence of cerebrospinal fluid diversion (Table 2) . Age was strongly associated with the risk of DCI, as shown in Figure  1 ; the risk of DCI peaked in the sixth decade and declined thereafter. Using the receiver-operator characteristic curve, we identified age 68 years or older to have optimal discriminating value (Figure 2 ). On multivariate logistic regression analysis, the model including age 68 years or older (Pϭ0.0003; OR, 3.23; 95% CI, 1.68 -6.62), WFNS I to III at presentation (Pϭ0.0092; OR, 2.18; 95% CI, 1.21-3.99), and Fisher grade 1 to 2 (Pϭ0.02; OR, 2.04; 95% CI, 1.11-3.89) was uniformly predictive of the absence of DCI in our cohort, with a specificity of 100% and a positive predictive value of 100%. Details of the multivariate model are displayed in Table 3 .
Discussion
In this study, we identified a simple model that uniformly identified patients who did not have development of DCI. Based on our results, older patients with good clinical and radiological grades can be safely discharged from the ICU soon after treatment of the ruptured aneurysm in the absence of comorbidities or early complications demanding ICU care. Practical application of the model we describe has promising potential for considerable cost-savings associated with decreasing the length of ICU stay of some patients with aSAH. It has been previously described that younger age, poor clinical grade, and high modified Fisher score are associated with greater risk of DCI. 2,6 -8,14 -19 However, the predictive value of the opposite variables for discriminating patients who will not have development of DCI had not been previously examined. Furthermore, we present a new model that can be used at the time of aneurysm treatment to decide whether a prolonged ICU admission for monitoring signs of DCI is necessary. Previous research has focused on predicting the risk of DCI, but even among those patients with high risk factors for DCI only a proportion will actually have development of the complication. Given the potentially devastating consequences of DCI, 20 -22,23 it is reasonable to consider a priori that monitoring all patients with aSAH may be justified. However, the costs related to this strategy of consistent and intense monitoring can be staggering. 5, 24, 25 More intensive monitoring of asymptomatic patients has not been proven to improve patients' outcomes, and the results of screening tests may lead to unnecessary and sometimes invasive additional testing. For instance, high velocities on transcranial Doppler are considered an indication for the performance of a catheter cerebral angiogram in some centers, even in the absence of symptoms of ischemia. However, patients with asymptomatic vasospasm on transcranial Doppler and even on angiogram can have favorable outcomes without ever having development of DCI, and there is no evidence supporting the use of hemodynamic augmentation or angioplasty in asymptomatic patients. 4, 24 Thus, recognizing early which patients truly are at very low risk for DCI can not only decrease costs related to prolonged ICU stay but also avoid the possible detrimental consequences of excessive testing and deceivingly concerning results.
Our results confirm the strong relationship between age and risk of DCI. 19,26 -28 Older patients may have development of a less pronounced response to the spasmogenic effect of subarachnoid blood because of having poorer vasomotor reactivity or sicker vessels with atherosclerotic disease. 28 Whether the lower risk of symptomatic vasospasm with age is related to a reduced response of endothelial cells to blood breakdown products or to a weakened or hardened tunica media is unknown.
The main strength of our study is that we identified a practical model constituted by simple variables always available at the time the ruptured aneurysm has been secured, which recognized patients who did not have development of DCI with perfect specificity. In other words, based on our results, the presence of the 3 variables in the model always predicted that DCI would not develop. The early availability of the variables is essential because the purpose of creating the model was to identify a subgroup of patients who could be safely transferred out of the ICU after aneurysm treatment.
Our study also has limitations. The main one is the low sensitivity of the model. This means the model only identifies a fraction of the patients who did not have development of DCI. However, we wanted the model to be as safe as possible because its practical application would lead to an early reduction in the intensity of neurological monitoring. Thus, we consider it would be more prudent to accept missing some patients who could be safely discharged from the ICU earlier rather than risking early discharge in others who could have development of DCI in the wards. Because our results include quantification of the associations of various early variables with absence of DCI, this information can be used to guide decisions beyond the application of the model. We also acknowledge that there is a possibility that not all cases of DCI might have been identified, because this diagnosis is difficult in practice and CT scans may miss small infarctions.
Our detailed review of electronic medical records and brain imaging scans should have minimized this chance. Also, the frequency and distribution of delayed infarctions in one of our previous studies using CT scans 29 was fairly comparable to the findings of a study that relied on MRI scan for infarct identification. 30 Our study includes patients treated over the span of a decade. The effects of practice changes over this period were not assessed as part of this analysis. This is a single-center study; therefore, our findings need to be validated in independent cohorts before they can be reliably applied in practice.
Older age (particularly 68 years or older) and good clinical (WFNS I-III) and radiological (modified Fisher 1-2) grades at presentation can reliably identify patients who will not have development of DCI. A model including these simple variables could be used to select candidates for discharge out of the ICU soon after aneurysm treatment. Prospective validation and potential refinement of this model are necessary before its application can be recommended in daily practice. Hyponatremia is treated with hypertonic saline (1.5% or 3% sodium chloride depending on its severity) and fludrocortisone. Sodium acetate is used instead when hyperchloremic acidosis develops. In cases of severe polyuria, we add albumin 5% 200 cc every 4 or 6 hours. The hemoglobin concentration triggering transfusion is 8 g/dL. In patients with ischemic symptoms we strive to keep the hemoglobin concentration above 9 g/dL.
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Main practice changes over the last decade
Trend towards more cases treated with coiling
Re-introduction of anti-fibrinolytics over the last 3 years
Less reliance on induced hypervolemia in favor or hypertension for patients having DCI Use of CT perfusion over the last 3 years
